The amphotropic murine leukemia virus (MuLV) can infect cells from a number of mammals, including humans, via its specific receptor. Basic knowledge of amphotropic MuLV receptor expression is likely to be useful in the development and improvement of gene therapy protocols based on amphotropic-pseudotyped vectors. To investigate the expression of the human receptor for the amphotropic MuLV (GLVR-2, newly termed Pit2), we determined its mRNA levels in several cell lines and found them to vary significantly. Induction of increased levels of mRNA after removal of phosphate from the media was observed in two osteosarcoma cell lines. The increase in GLVR-2 mRNA resulted in a concomitant rise in the levels of a 71-kDa protein specifically recognized by affinity-purified antibodies against GLVR-2. Using these antibodies, we were able to confirm the intracellular topology of the large hydrophilic domain between the proposed sixth and seventh transmembrane domains of the GLVR-2 protein. This assignment is in agreement with the fourth extracellular loop being outside the cell, consistent with the proposal that the fourth extracellular loop of GLVR-2 contains the envelope binding site.
The initial step of a retroviral infection is the binding of the envelope glycoprotein to a specific cell surface receptor. The expression of this receptor on any given cell surface often confers susceptibility to viral infection. Therefore, a major determinant of the tropism of a virus is the presence of its specific receptor. The amphotropic murine leukemia virus (MuLV) has a broad tropism to infect a variety of mammalian cells (24) , which has made it an important tool in gene transfer technology. In addition, amphotropic MuLV's ability to infect human cells has made it particularly useful as a vector for gene therapy. Thus, characterization of the expression of the receptor for the amphotropic MuLV has the potential to improve these applications, since modulation of receptor expression may affect transduction efficiency.
The gene encoding the receptor for the amphotropic MuLV has previously been mapped to the pericentromeric region of human chromosome 8 (6) . The cDNAs for the human and rat amphotropic MuLV receptors have been cloned and designated Glvr-2 (newly termed Pit-2) and Ram-1 (newly termed RaPit-2), respectively (5, 17, 23) . These two genes encode proteins that are 92% identical (17, 23) . The receptor for the gibbon ape leukemia virus (GALV), GLVR-1 (newly termed Pit1), is 62% identical to GLVR-2 (23) . Regardless of the homology between the two proteins, GLVR-1 does not confer infectivity by the amphotropic MuLV and GLVR-2 does not confer infectivity by GALV (5) . However, the receptor for amphotropic MuLV in Chinese hamster E36 cells functions as a receptor for both amphotropic MuLV and GALV (26) . Analysis of hydropathy plots suggested that GLVR-1 and GLVR-2 have 10 transmembrane domains, five extracellular loops, and a single large hydrophilic intracellular domain (8, 18, 23) . Ram-1, GLVR-1, and GLVR-2 are homologous to the phosphate permease of Neurospora crassa, and Ram-1 and GLVR-1 were identified as sodium-dependent phosphate symporters (8, 10, 19) . Interestingly, both Ram-1 and GLVR-1 mRNA levels appear to be negatively regulated by inorganic phosphate (P i ) in the culture medium (10) .
To investigate GLVR-2 expression and its regulation, we analyzed mRNA and protein levels in several cell lines in the presence or absence of P i . The amount of GLVR-2 mRNA was found to vary significantly in different cell lines under normal P i conditions. However, induction of mRNA after removal of P i from the media was readily observed in two osteosarcoma cell lines. Using antibodies generated against GLVR-2, we were able to detect the expected 71-kDa protein. In addition, we show that the increase in GLVR-2 mRNA resulted in a concomitant rise in GLVR-2 protein expression. Furthermore, studies of GLVR-2 topology by immunofluorescence, flow cytometry, and trypsin digestion of live cells indicate that the large hydrophilic domain between the sixth and seventh transmembrane domains of GLVR-2 (against which our antibodies were raised) is inside the cell. This result is in agreement with the extracellular assignment of the fourth outer domain, which has been identified as the putative envelope binding site.
MATERIALS AND METHODS
Cell lines. Human osteosarcoma cell lines 143B (thymidine kinase-negative ATCC CRL 8303), HOS (ATCC CRL 1543), and 143B/GLVR-2 (see below), the human cervical carcinoma HeLa cell line (ATCC CCL 2), 293T cells, and NIH 3T3 cells were cultured in Dulbecco's modification of Eagle's medium (DMEM; Mediatech Cellgro; Fisher, Pittsburgh, Pa.) supplemented with 10% fetal bovine serum (FBS; HyClone, Logan, Utah), 50 IU of penicillin per ml, and 50 g of streptomycin (Mediatech Cellgro; Fisher) per ml. Cells were maintained at 37°C in a humidified incubator with 10% CO 2 . The human monocytic cell line U937 was cultured in RPMI 1640 with 25 mM HEPES (Mediatech Cellgro; Fisher) supplemented with 10% FBS, 2 mM L-glutamine, 1 mM sodium pyruvate, 50 IU of penicillin per ml, and 50 g of streptomycin per ml. For induction experiments, P i -free DMEM (ICN, Costa Mesa, Calif.) was supplemented with dialyzed FBS (GIBCO/BRL, Grand Island, N.Y.) and MEM nonessential amino acids (GIBCO/BRL) and P i -free RPMI 1640 (ICN) was supplemented with dialyzed FBS. These media were supplemented with 1 mM (DMEM) or 5.6 mM (RPMI 1640) P i when necessary. incubated for 16 h in a CO 2 incubator. For extracellular staining (at room temperature), cells were fixed after incubation with the primary antibodies. For intracellular staining, cells were first fixed with formaldehyde (3.7%) for 20 min at room temperature and washed with D-PBS and then permeabilized with 0.3% Triton X-100 (Fisher) in D-PBS for 20 min at room temperature. Affinitypurified GLVR-2 antibodies (1:50) or an equal amount of affinity-purified rabbit anti-rat IgG (Jackson ImmunoResearch) diluted in D-PBS containing 0.5% normal goat serum (Sigma) was added to the cells, and samples were incubated at 37°C for 1 h. After being washed three times in D-PBS, samples were incubated with fluorescein isothiocyanate-labeled goat anti-rabbit IgG (Jackson ImmunoResearch) diluted 1:100 in D-PBS containing 0.5% normal goat serum. For staining of unfixed cells, D-PBS with MgCl 2 ⅐ 6H 2 O (0.5 mM) and CaCl 2 ⅐ 2H 2 O (0.88 mM) was used. As a positive control for extracellular staining, cells were incubated with an anti-human CD71 (transferrin receptor) monoclonal antibody (Becton Dickinson, San Jose, Calif.) followed by rabbit anti-mouse IgG (Jackson ImmunoResearch, Inc.) and fluorescein isothiocyanate-labeled goat anti-rabbit IgG. Images were obtained with a Leica DM IRBE laser scanning confocal microscope.
In vitro transcription and translation and immunoprecipitation. Full-length GLVR-2 cDNA was transcribed in vitro from pOJ74 with the mMessage mMachine kit (Ambion, Austin, Tex.). The transcript was translated in vitro with the Flexi rabbit reticulocyte lysate system (Promega) in the presence of [
35 S]methionine-cysteine with or without canine pancreatic microsomal membranes (Promega). Immunoprecipitation was performed as described previously (12), and samples were examined by SDS-PAGE on a 7% gel. The gel was treated with 1 M sodium salicylate (Fisher) for 30 min at room temperature, dried, and exposed to Kodak XAR-5 film.
RESULTS

GLVR-2 mRNA expression and induction vary in different cell lines.
The mRNA level of the rat amphotropic MuLV receptor Ram-1, a homolog of GLVR-2, increases threefold in 208F cells when cultured in P i -free medium (10). We examined GLVR-2 mRNA expression in human cell lines in response to P i depletion. Three cell lines were tested: HeLa (cervical carcinoma), U937 (monocytic), and 143B (osteosarcoma). All three cell lines exhibited different levels of GLVR-2 mRNA expression (Fig. 1A) . Interestingly, only 143B cells showed a significant increase in GLVR-2 mRNA levels after P i removal from the culture medium. This increase in GLVR-2 mRNA levels (threefold) was similar to that reported for the rat 208F cells (10) . Because 143B cells are derived from an osteosarcoma, GLVR-2 induction was tested in a second human osteosarcoma cell line, HOS. HOS cells also showed an increase in levels of mRNA (1.9-fold) in response to P i removal from the culture medium (Fig. 1B) . These results indicate that the levels of GLVR-2 expression vary in different cells and that the induction of GLVR-2 by P i depletion from the medium appears to be cell line dependent.
To determine the time course of induction of GLVR-2 mRNA in response to P i depletion, cells were cultured in medium with or without P i for 16, 24, and 48 h. GLVR-2 mRNA levels increased in a time-dependent manner in the absence of P i (Fig. 2) . In the presence of P i there appeared to be a slight drop in levels of GLVR-2 mRNA when cells reached confluence (48 h) in the culture plates (Fig. 2) . Cells were not cultured in the absence of P i for more than 48 h, because after this time the cells had a significantly reduced growth rate.
Characterization of the GLVR-2 protein.
Computer analysis of the GLVR-2 primary structure predicts that it is an integral membrane protein with 10 transmembrane domains (8, 18, 23) . Based on this model, a presumed intracellular domain which is located between the sixth and seventh hydrophobic domains was used to produce an MBP and a His 6 -tagged GLVR-2 fusion protein (see Materials and Methods). The purified MBP-GLVR-2 fusion protein was injected into rabbits to generate antisera. Subsequently, the (His) 6 GLVR-2 protein was used to affinity purify the GLVR-2-specific antibodies. These affinity-purified GLVR-2 antibodies but not preimmune con-trol serum recognized both the MBP-GLVR-2 fusion protein used as the immunogen and the (His) 6 GLVR-2 fusion protein used for their purification (Fig. 3A, lanes 2 to 5) . In addition, the GLVR-2 antibodies immunoprecipitated the product obtained from an in vitro transcription and translation reaction of a functional full-length cDNA clone of GLVR-2 (Fig. 3B) . Because of its highly hydrophobic nature, GLVR-2 was translated in the presence of microsomes. Interestingly, the presence or absence of microsomes in the reaction did not seem to affect the synthesis of GLVR-2 (Fig. 3B, lanes 1 and 2) , suggesting that GLVR-2 can be efficiently translated in the absence of membranes.
Western blot analysis of cell extracts incubated with loading buffer containing SDS and ␤-mercaptoethanol followed by treatment at 95°C failed to show the presence of a protein band with the molecular mass expected for GLVR-2. However, under those conditions, a band which barely entered the resolving gel was specifically recognized by the purified antibodies (Fig.  3A, lane 6) . A protein band with the molecular mass predicted for GLVR-2 of approximately 71 kDa was seen when cell extracts were incubated with the same loading buffer at 25°C (Fig. 3A, lane 7) . Thus, heating GLVR-2 in the presence of SDS results in aggregates that cannot enter the resolving gel. Similar results have been obtained with the E1 glycoprotein of the coronavirus (13, 22) . The reason(s) for this apparent aggregation is not clear but is likely due to the highly hydrophobic nature of this protein. Therefore, heating or boiling should be avoided in the preparation of cell extracts for analysis of GLVR-2 protein.
Because the GLVR-2 protein is 62% identical to the GLVR-1 protein (23), we determined if our purified antibodies to GLVR-2 cross-react with GLVR-1. NIH 3T3 cells were transduced with retroviral vectors encoding either GLVR-1 or GLVR-2. Lysates from these cells were analyzed by Western blot analysis with affinity-purified GLVR-2 antibodies. As shown in Fig. 3C , the affinity-purified GLVR-2 antibodies recognized only GLVR-2. These results indicate an absence of cross-reactivity between the large intracellular hydrophilic domain of GLVR-1 and the GLVR-2 antibodies. These results also indicate that our observations apply only to GLVR-2 and should not be extended to GLVR-1 without further experimentation. GLVR-2 protein expression is induced by P i depletion. To determine whether the increase in expression of GLVR-2 mRNA induced by P i depletion results in an increase in levels of protein, 143B and HOS cells were cultured for 48 h in media with or without P i . Cell extracts were then analyzed by Western blot analysis. GLVR-2 protein levels were induced upon P i depletion in 143B cells as well as in HOS cells (Fig. 4) . These results demonstrate that GLVR-2 protein expression is suppressed in the presence of P i and that upon P i depletion both mRNA and protein levels increase. The large hydrophilic domain between the sixth and seventh transmembrane domains of GLVR-2 is inside the cell. Indirect immunofluorescence was used to study the cellular distribution of GLVR-2 (Fig. 5) . Our results show GLVR-2 staining both on the plasma membrane and in the perinuclear regions. This pattern of staining is consistent with a transmembrane protein which enters the endoplasmic reticulum upon synthesis and is transported through the Golgi apparatus to the cell membrane (Fig. 5C) . The use of the transduced cells was necessary, because the endogenous levels of GLVR-2 protein expression were barely detectable by indirect immunofluorescence (Fig.  5E) .
The region of GLVR-2 used to generate the rabbit antisera has been postulated to be inside the cell (8, 18, 23) . When cells were stained with the GLVR-2-specific antibodies and analyzed by confocal microscopy, only fixed and permeabilized cells showed specific signal, which was not seen in the nonpermeabilized cells (Fig. 5A and C) . As a control, the same nonpermeabilized cells were also stained with antibodies specific for the transferrin receptor (CD71). As expected, intact cells showed CD71 only on their surfaces (Fig. 5B) . These results indicated that the GLVR-2 epitopes are not accessible to the antibodies unless the membranes are permeabilized. Cells were also stained with purified GLVR-2-specific antibodies and analyzed for fluorescence by flow cytometry. Whereas no cell surface fluorescence was detected in cells stained with GLVR-2-specific antibodies, cells stained with antibodies specific for the transferrin receptor (CD71) showed normal levels of surface expression (data not shown). These results are consistent with the intracellular location proposed for this hydrophilic domain of the GLVR-2 protein.
To further test the model of the proposed topology of GLVR-2, live 143B/GLVR-2 cells were treated with trypsin for 4, 9, and 19 min and Western blot analysis was performed on lysates from these cells. Based on the primary structure of GLVR-2, if the proposed hydrophilic domain is accessible to trypsin, the largest tryptic peptide would be smaller than 10 kDa. However if the proposed topology is correct, that is, if the hydrophilic domain is inside the cell, a peptide of 37.5 kDa would be protected from trypsin digestion. Trypsin treatment resulted in a diffused pattern and a distinct 37.5-kDa band (Fig.  6 ). The intensity of this band increased with time after trypsin treatment. No evidence of further digestion of the 37.5-kDa protected fragment was observed, suggesting inaccessibility of this domain to trypsin. However, incubation of disrupted cells with trypsin at 37°C for 30 min resulted in complete degradation of Pit2 (data not shown). These results further suggest that the large hydrophilic domain of the GLVR-2 protein against which our antibodies were raised is intracellular. , and 143B/GLVR-2 cell lysates (lanes 6 and 7, 500 g per lane) were separated by SDS-PAGE on a 10% gel. Lanes 1 to 3, Coomassie brilliant blue-stained gel; lanes 4 to 7, Western blot analysis with affinity-purified anti-GLVR-2 antibodies. The sample loaded onto lane 7 was not heated at 95°C. Protein molecular mass (M) standards (Bio-Rad) were loaded in lane 1, and their masses (in kilodaltons) are indicated on the left. The molecular masses for MBP-GLVR-2, (His) 6 GLVR-2, and GLVR-2 were determined to be 73, 40, and 71 kDa, respectively. These molecular masses correspond to the sizes expected for these proteins. (B) Immunoprecipitation of GLVR-2 in vitro translation products (arrow) with either anti-GLVR-2 antibodies (␣) or anti-human CD4 antibodies as a negative control. pOJ74, a plasmid containing the GLVR-2 cDNA (21), was subjected to in vitro transcription. The transcript was then translated in vitro in the presence or absence of canine pancreatic microsomal membranes (indicated at the top of each lane). Prestained molecular mass markers (in kilodaltons; Bio-Rad) are indicated on the right. (C) Western blot analysis of lysates from NIH 3T3 cells expressing either GLVR-1 or GLVR-2. The blot was probed with affinity-purified GLVR-2 antibodies and developed by ECL. Only GLVR-2 was recognized by the affinity-purified antibodies. Prestained molecular mass markers (in kilodaltons) are indicated on the left. Equal amounts of protein were loaded onto each lane.
DISCUSSION
Retroviruses have been engineered to function as vectors in gene-transfer systems and are currently employed in human gene therapy protocols (16) . Amphotropic pseudotypes are very important to these applications in that these vectors can infect cells from many mammals, including humans (24) . Therefore, knowledge concerning amphotropic MuLV receptor expression not only contributes to fundamental retrovirology but is also important to gene therapy applications. In this study, we show that GLVR-2 mRNA expression levels vary in different human cell types. Our results also show that induction of GLVR-2 mRNA by P i depletion is cell line specific and not apparent in all cells. These data highlight the importance of determining the extent and time course of induction of GLVR-2 to optimize transduction protocols in different cell types. Of note, the 1.3-kb GLVR-2 cDNA probe used for Northern blotting contained regions of the gene conserved between GLVR-1 and GLVR-2. However, high-stringency hybridization conditions were used to avoid cross-hybridization between the GLVR-2 probe and GLVR-1 mRNA. As confirmation, another probe which comprises the least-conserved region between the two genes was also used in some experiments, and similar patterns of induction of GLVR-2 by P i depletion were observed in 143B cells (data not shown).
We have identified a protein band of approximately 71 kDa (in agreement with the molecular mass predicted for GLVR-2 protein) on Western blots developed with affinity-purified GLVR-2 antibodies. GLVR-2 protein formed aggregates which do not enter the resolving gel when heated to 95°C in the presence of SDS and ␤-mercaptoethanol. The aggregation is probably due to the highly hydrophobic nature of this protein, as has been observed with the E1 glycoprotein of the coronavirus (13, 22) . Using these anti-GLVR-2 antibodies, we were able to demonstrate that increased levels of mRNA induced by P i depletion resulted in a concomitant rise in GLVR-2 protein were not permeabilized and were stained with GLVR-2-specific or CD71-specific antibodies, respectively (surface staining). The cells in panels C to E were fixed and permeabilized prior to staining with GLVR-2-specific antibodies (C and E) or control rabbit anti-rat IgG (D) (surface and intracellular staining).
expression. These results confirm that regulation of GLVR-2 expression by P i depletion occurs prior to translation. Whether the regulation is at the transcriptional or posttranscriptional level remains to be determined.
The topologies of GLVR-2, GLVR-1, and N. crassa pho-4 ϩ have been proposed to be similar and to contain 10 transmembrane domains (8, 18, 23) . Using the antibodies made against the hydrophilic domain between the predicted sixth and seventh transmembrane segments of GLVR-2 protein, we obtained immunofluorescence, flow cytometry, and trypsin digestion data that indicate that this portion of GLVR-2 is intracellular. Other studies indicate that the predicted fourth extracellular region of GLVR-1 is necessary for GALV infection (9, 21, 25) . In addition, Eiden et al. (5) have shown that the predicted fourth extracellular domain of GLVR-2, which is separated from the domain containing the epitopes recognized by our antibodies by a single hydrophobic putative membranespanning domain, is likely to contain the virus binding site. Thus, our results are consistent with the proposed topology which places the large hydrophilic domain inside the cell and the potential virus binding domain outside the cell. Detection and characterization of the expression of the receptor for the amphotropic MuLV has mainly relied on a functional assay based on the susceptibility of cells to infection by the virus (5, 17, 23) . Adenovirus-mediated transfer of Ram-1 increases amphotropic retroviral transduction in cultured cells, suggesting that increased expression of Ram-1 enhances transduction efficiency (11). Bunnell et al. (2) reported that transduction efficiency of primary human peripheral blood lymphocytes by amphotropic retroviral vectors increases when P i is depleted from the medium. These observations suggest that GLVR-2 expression is induced in human peripheral lymphocytes upon P i depletion and that increased receptor expression is likely to have accounted for the increased transduction efficiency. However, a direct observation of increased receptor expression was not demonstrated. Here we have shown that P i depletion results in induction of both GLVR-2 mRNA and protein. These results are consistent with a model in which increased expression of the receptor results in more efficient gene transfer.
